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[1] Clouds increase the complexity of atmospheric radiative transfer processes, particularly for aerosol retrievals in clear
regions in the vicinity of clouds. This study focuses on identifying mechanisms responsible for the enhancement of nadir
reflectance in clear regions in the vicinity of cumulus clouds, and quantifies the relative importance of each mechanism.
Using cloud optical properties and surface albedo derived from ASTER and MODIS, we performed extensive Monte
Carlo simulations of radiative transfer in two cumulus scenes in a biomass burning region in Brazil. The results show that
the scattering of radiation by clouds, followed by upward Rayleigh scattering by molecules above cloud top over clear
gaps is the dominant mechanism for the enhancement of visible reflectance in clear regions in boundary layer cumulus
field over dark surfaces with aerosols trapped in the boundary layer. The Rayleigh scattering contributes ~80% and ~50%
to the total enhancement for wavelengths 0.47um (with aerosol optical thickness 0.2) and 0.66um (with aerosol optical
thickness 0.1), respectively. Out of the total contribution of molecular scattering, ~90% arises from the clear atmosphere
above cloud top height. The mechanism is valid for a large range of aerosol optical thickness (up to 1 in this study) for
0.47um, and for aerosol optical thickness up to 0.2 for 0.66pm. Our results provides a basis to develop simplifications for

future aerosol remote sensing from satellite.

1. INTRODUCTION

[2] Aerosol and cloud are two important components of the Earth’s
atmosphere. Understanding the interaction between aerosols and clouds
is particularly important in studying the direct and indirect effects of
aerosols on climate as well as cloud processes. Satellite observations
provide a unique opportunity to study aerosol and cloud interactions on
a global scale. Efforts have been made to study the relationship
between aerosol optical thickness and cloud properties [e.g., Sekiguchi
et al., 2003; Loeb and Manalo-Smith, 2005; Zhang et al., 2005; Ignatov
et al., 2005; Kaufman et al., 2005; Kaufman and Koren, 2006]. Koren
et al. [2007] recently reported a “twilight” zone near cloud edges, and
commented that “the total aerosol direct forcing may be significantly
higher than is currently estimated due to large contributions from this
transition zone.”

[3] Regions near cloud edges are important in studying aerosol and
cloud interactions, and satellite observations are valuable to this
research. However, using satellite observations to effectively study
aerosol-cloud interaction remains a challenge. One of the problems is
that reflected sunlight in clear regions in the vicinity of clouds is
affected by nearby clouds. Studies have shown that clouds increase the
reflectance of nearby clear regions, leading to large biases in aerosol
optical thickness retrievals from satellite observations [e.g., Cahalan et
al., 2001; Wen et al., 2001; Nikolaeva et al., 2005; Wen et al., 2006,
2007; Kassianov and Ovtchinnikov, 2008; Marshak et al., 2008; Yang
and Di Girolamo, 2008].

[4] Our previous studies focused on quantifying the magnitude of the
enhancement and associated bias in aerosol retrievals. This study is an
extension of our previous work [Wen et al, 2006; 2007] with an
emphasis on identifying the physical mechanisms responsible for the
reflectance enhancement. We will show that the scattering of radiation
by clouds, followed by upward Rayleigh scattering by molecules above
cloud top height is the dominant mechanism for the reflectance
enhancement in clear regions in boundary layer cumulus fields. Such
low clouds occur in large areas of globe and provide a significant

contribution to net cloud forcing [Hartmann et al., 1992], and
results of this work are significant to understanding the role of
aerosol-cloud interactions on cloud forcing.

[5] In section 2, we briefly describe the aerosol and cloud
properties used in the Monte Carlo simulation. Section 3
describes our method of analysis. The results are presented in
section 4 and summarized and discussed in section 5.

2. CLOUD FIELDS AND AEROSOL PROPERTIES

[6] Two 15 km x 15 km high-resolution images of cumulus
cloud fields are used in this study. They are sub-images of an
ASTER image collocated with a MODIS image acquired on
January 25, 2003. The ASTER image is centered on the equator
at 53.78° West with solar zenith angle (SZA) of 32° and solar
azimuth angle of 129°. The same images were used by Wen et
al. [2007] to study three dimensional (3D) cloud effects on the
reflectance enhancement in clear regions of cumulus scenes.
The cloud optical depth of both images is retrieved from
ASTER observations at 90-m resolution using a lookup table
based on 1D radiative transfer similar to that for MODIS cloud
retrieval [Platnick et al., 2003]. The averaged cloud optical
depths are 14 for the “thick” cloud and 7 for the “thin” cloud
(Fig. 1). The cloud fractions are 59% and 51% for thick and
thin cloud, respectively. The cloud base is assumed to be
constant at 1 km. Cloud top heights are estimated from
brightness temperature at 11um (ASTER band 14) for both
clouds. The average cloud top height is 1.5 km and 2 km for the
thin clouds and thick clouds, respectively. The vertical profile
of cloud liquid water is assumed to be proportional to the
adiabatic liquid water content that is approximately a linear
function of height [e.g., Platnick, 2000]. The phase function
and single scattering albedo at the two MODIS bands, are
computed assuming a gamma distribution of cloud droplets
with an effective radius of 10um and an effective variance of



0.1 [e.g., Hansen and Travis, 1974]. The assumption of a constant
droplet size is not really consistent with the adiabatic process. However
this simplification has no real consequences for the findings in this
study.
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Figure 1. Cloud optical depth of (a) thick and (b) thin clouds. The
average cloud optical depth is ~14 and ~7 with cloud cover of 59% and
51% for the thick and thin cloud respectively.
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Figure 2. (a) Cumulus clouds and aerosols are trapped in the boundary
layer due to the trade wind inversion similar to that in Reid et al.
[1998]. Solar zenith angle 6, and the scattering angle 6 are indicated;
(b) Vertical distributions of molecular Rayleigh scattering optical
thickness (7,) and aerosol optical thickness (7,) with cloud position
indicated. The total optical thicknesses are 7,(0.47um) = 0.185,
7,,(0.66um) =0.046, and 7,(0.47um)=0.2, 7,(0.66um)=0.1. Above cloud
top height molecular scattering optical thickness (7,,(0.47um)~0.15,
7,,(0.66um)~0.04) are much larger than aerosol optical thickness
(7,(0.47um)~7,(0.66um)~0.01). The optical thickness is defined as
210A

T= f B(z)dz, where B is the extinction coefficient.

Z

[7] In biomass burning regions of Brazil, a strong trade wind
inversion caps the shallow cumulus, and traps most aerosols in the
atmospheric boundary layer [Reid et al., 1998]. Here we assume that
horizontally stratified aerosols are distributed in two distinctive vertical
layers of the atmosphere: the boundary layer and the free troposphere.
Most aerosols are trapped in the boundary layer, approximately 2 km
thick. A small amount of aerosol, with optical thickness 0.01, is
assumed in the free troposphere from 2 km to 10 km. We assume that
aerosols are distributed uniformly in the vertical with a constant
extinction in each layer. The model atmosphere is schematically shown
in Fig. 2a with cloud base and average cloud top heights indicated (Fig.
2b). Aerosol particles are assumed to have a lognormal size distribution
with a modal radius of 0.13pm, a standard deviation of the natural
logarithm of the radius of 0.6, and a single scattering albedo of 0.9,

similar to the aerosol model in the MODIS aerosol algorithm
[Remer et al., 1998; 2005]. Aerosol phase functions are
computed using Mie scattering theory. The aerosol phase
function at 0.47um is presented in Fig. 3 to compare with the
Rayleigh scattering phase function for discussions in latter
sections.

[8] The MODIS surface albedo product [Moody et al., 2005]
shows that the surface visible band reflectance is dark and
homogeneous. So we use average surface albedos of 0.01 at
0.47pm and 0.02 at 0.66pm in this study.

[9] We use atmospheric and surface optical properties as
inputs to the Goddard Monte Carlo (MC) code for radiative
transfer in 3D cloudy atmospheres [Evans and Marshak, 2005].
This code has participated in all phases of Intercomparison of
3D Radiation Codes (I3RC) activities [Cahalan et al., 2005].
The MC scheme uses the periodic condition in the horizontal
and simulates the radiance in the nadir-viewing direction as
observed by ASTER instrument.
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Figure 3. Aerosol phase function (solid) as compared with the
molecular Rayleigh phase function (dashed) similar to those in
Fig 6.3 in Thomas and Stamnes [1999]. Scattering angles 6 for
diffuse light (see Fig. 2) below clouds (~90° to ~140°) are

indicated.

3. METHOD

[10] Sunlight reaching Earth experiences scattering from
molecules, aerosol particles, clouds, and surface reflection.
Radiation received by an Earth-viewing satellite sensor is a sum
of radiation scattered into the viewing direction from each layer
of the atmosphere. Knowing the contribution from different
layers of the atmosphere and from different scattering species is
critical to understanding the radiative processes, remote
sensing, and cloud effects on enhancing clear region
reflectance.

3.1 CONTRIBUTION FUNCTIONS

[11] The concept of contribution function was used by Dave
and Mateer (1967) for studying the possibility of estimating
total atmospheric ozone from satellite measurements. In their
study, they examined the contribution to the upward radiance
for both primary scattering (single scattering) and all orders of
scattering (multiple scattering). Photons that contribute from an
atmospheric layer to the upward radiance may originate from
other layers due to multiple scattering, and the contribution
function provides a measure of relative importance of each
vertical layer in contributing to the upward radiance for a given
atmospheric condition (see Fig.2 of Dave and Mateer, 1967). A
concept similar to the contribution function is the weighting
function introduced by Platnick [2000] for studying multiple



scattering photon transport in cloud remote sensing. In the present
study, the contribution function from different layers is extended to
account for contributions from each individual scattering species, as
described below.

[12] To calculate the contribution from each species in each layer we
use the local estimate method [Marchuk et al.,, 1980; Evans and
Marshak, 2005]. The Monte Carlo scheme simulates photon
trajectories, tracking where each scattering event occurs and what type
of scattering species is involved using statistical methods. For given
optical properties of the atmosphere this method computes
contributions from each scattering species in each layer from each
scattering event in the multiple scattering processes. In an atmosphere
of Nlayers (0 =z, <z <+ <2z, = 2;,,) the TOA reflectance, R(x,y) is

N

R(6Y) = P (r,(6,3,2) + 1,(x,7,2,)) + 1,(x,) (M
k=1
where 7 (x,y,z,) is the contribution from aerosols, r, (x,y,z,) is the

contribution from molecules in layer k, and 7,(x,y) is the contribution

from surface.

[13] To illustrate the difference between single scattering and
multiple scattering, we show examples for reflectance and associated
partitions in clear atmospheric conditions. We performed a series of
computation for a solar zenith angle of 30° with molecular and aerosol
properties described in section 2 and surface albedos of 0.01 and 0.02
for wavelengths 0.47um and 0.66um, respectively. The single
scattering accounts for a large portion (~72%) of reflected radiation at
0.47um and an even larger fraction (~83%) of total reflectance at
0.66um.

[14] For 0.47um, the partition of reflected radiation (surface, aerosol,
molecule) is (0.066, 0.095, 0.839) for single scattering as compared to
(0.065, 0.154, 0.781) for multiple scattering. For 0.66um, the partition
of reflected radiation for (surface, aerosol, molecule) is (0.397, 0.167,
0.436) for single scattering versus (0.370, 0.220, 0.410) for multiple
scattering. From single scattering to multiple scattering, an increase in
contribution about 0.05 from aerosols (for both wavelengths) and
associated decrease of contribution from molecular scattering
contribution (~0.06 for 0.47um, ~0.03 for 0.66um) are evident. The
increase in aerosol contribution is because a large fraction of aerosols is
in the lowest region of the atmosphere (see Fig. 2b) where multiple
scattering occurs more. This is similar to what was found by Dave and
Mateer [1967] (see their Fig. 2). A decrease of contribution from
surface for both wavelengths is a result of blockage of surface reflected
radiation by the atmosphere. Partitions of contributions from the Monte
Carlo method capture additional contribution due to multiple scattering
effects. Note that Kaufman et al., [1997] partitioned the path radiance
into the path radiance due to molecular scattering, and the path radiance
due to aerosol scattering using single scattering partition. Here we
include multiple scattering in computing the contribution to TOA
reflectance.

3.2 CONTRIBUTION TO THE ENHANCEMENT

[15] To study cloud effects on reflectance in nearby clear regions, we
compute the effective contribution functions for cloudless atmosphere
and 3D atmosphere with clouds and examine the differences between
them. First we define cumulative contribution functions. In an
atmosphere of N layers (0=z,<z <<z, =2,,)> the cumulative

contribution at an altitude Z,, represents the contribution from the

layers below zy;, and is defined as:

M
Ca(x,y,zM)= ra(_x’y’zk) (21)

k=

M
Cm('x’y’ZM)=Erm(x’y’Zk) (22)
k=1

where C,(x,y,z) and C, (x,y,z) are cumulative contributions
from aerosol and molecular scattering to the total outgoing
radiance. For consistent notation, C (x,y) is used for the
surface contribution in Eq (2.3).

C.(x,y) =r,(x,y) (2.3)

The TOA reflectances for cloudless atmosphere and 3D
atmosphere are summations of contributions from each layer
and from each type of scatterers as following.

3.1
R = E(ra(zk) +1,(20)+ 1= Coip(Zroa) + Coutn (Zroa) + Cop SR
and
N
Ry (%) = D (1 (2,3,20) + 1, (%,,2)) + 1,(x.Y) (3.2)

k=1
= Ca,3D(x’y’ZTOA) + Cm,BD(x’y’ZTOA )+ C3,3D(‘x’y)

[16] Having cumulative contributions defined in Eqs (2.1)-
(2.3), we further define the cumulative contribution to the
enhancement (CCE) as the difference between the contribution
in the 3D atmosphere and its counterpart in the cloudless
atmosphere, normalized by the total enhancement of the
reflectance AR(x,y) at the top of the atmosphere (i.e.,

AR(x,y) = R, (x,y) - R,,,) as follows:

5CAZ)=M @.1)
__ ARGy
6C,,(2) =M (4.2)
MRy
s - Conli)=Cy s
‘ AR(x,y)

where overbars indicate the horizontal average. §C,, 6C,(z),
and §C, (z) are contributions to the reflectance enhancement

from surface, aerosol, and molecular Rayleigh scattering from
layers below Z. 8C(z,) - 8C(z,) is the contribution from a layer

between z; and z,.

4. RESULTS

[17] The CCE is useful to demonstrate the contribution from
different scattering species as a function of altitude, as well as
the surface contribution. By comparing relative contributions
from scattering species in each layer and from the surface, we
will show that molecular scattering above clouds is the major
physical mechanism responsible for the cloud-induced
reflectance enhancement. We will further discuss the physics
that leads to this conclusion. In section 4.1, we first examine
CCE in clear regions in two cumulus cloud fields over dark
surfaces and given aerosol optical thicknesses. In section 4.2,
we examine the sensitivity of the CCE of molecular scattering
and the total enhancement to the surface albedo and aerosol
optical thickness.

4.1 VERTICAL DISTRIBUTION OF CONTRIBUTION TO
THE ENHANCEMENT

[18] It is worthwhile to briefly review some typical features
of the enhancement of reflected radiation in clear regions in a
cumulus cloud field. The enhancement of the clear region
reflectance has large variability near cloud edges, with strong
enhancement in the sunlit side and small enhancement (often
negative) over cloud shadows. The enhancement becomes less
variable at about 1 km away from cloud edges [see Fig. 12 in



Wen et al., 2007]. To avoid large variations, we focus on clear regions
1 km away from cloud edges in this study. The CCE presented in the
following is horizontally averaged excluding cloud shadowed and
illuminated areas, for thick and thin cloud scenes. Cloud shadowed and
illuminated areas are identified based on large reflectance variability in
a belt of about 1km in width next to cloud edges (see Figs. 11, 12 in
Wen et al., 2007). To focus on the vertical distribution of the
contribution, we assume the aerosol optical thickness is 0.2 at 0.47um
and 0.1 at 0.66pm (Fig. 2b). The surface albedo is 0.01 for 0.47um and
0.02 for 0.66um. Sections 4.1a and 4.1b present results for SZA=32°
for thick and thin cloud scenes. Section 4.1c shows results for a lower
solar elevation, namely SZA=60°.

4.1a CONTRIBUTIONS FROM THICK CLOUDS

[19] Figs. 4a, 4b show CCE (Eqgs. 4.1-4.3) for clear regions in the
thick cloud scene (Fig. la) at wavelengths of 0.47um and 0.66um,
respectively. The surface contribution and vertical distributions of CCE
for aerosol, molecular scattering, together with the summation of three
components are plotted separately for both wavelengths. The relative
contribution from surface, which is independent of altitude, is plotted
as a straight vertical line. The pressure in vertical axis is proportional to
molecular scattering optical thickness (Fig. 2b). We discuss results in
clear regions in the boundary layer and the free troposphere [Stull,
1988] below and above cloud top height.
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Figure 4. The CCEs for clear regions (1 km away from clouds) in the
thick cumulus fields (Fig. 1a) for SZA= 32° with cloud position
indicated: (a) 0.47um; and (b) 0.66pm. Lines with circles are for CCE
from aerosol scattering; lines with triangles are for CCE from Rayleigh
scattering; straight lines are for CCE from surface contribution; lines
with diamonds are the sums of all contributions to the enhancement.
Molecular Rayleigh scattering contributes 82% and 52% to the TOA
reflectance enhancements at 0.47um and 0.66um, respectively. The
total reflectance enhancement due to clouds is 0.019 for 0.47um and
0.008 for 0.66pum.

[20] For 0.47um (Fig. 4a), the surface contribution is very small
(6C,~2%). Aerosols contribute §C,(z,,,) ~16% and molecular
Rayleigh scattering contributes 8C, (z,,,) ~82% to the total reflectance
enhancement ~0.019 at the TOA. Out of the total molecular
contributions, about 90% (i.e., 8¢, (z,,)-6C, (2 pn,)) 18 from the free

troposphere.

[21] For 0.66um (Fig. 4b), the surface surface, aerosol, and
molecular Rayleigh scattering contribute §C, ~18%, 6C,(z,,,) ~29%
and 8C, (z;,,) ~ 53%, respectively, to the total reflectance enhancement

of ~0.008 at the TOA. Again we see that out of the total contribution of
molecular Rayleigh scattering, about 90% is from the free troposphere.
[22] The CCEs have distinctive features in the boundary layer and
the free troposphere (Figs. 4a, 4b). For molecules, the increase of CCE
is much faster in the free troposphere as compared to the boundary

4

layer. The aerosol contribution is mainly from the boundary
layer where most of the aerosols exist. Although, aerosol
optical thickness is significantly larger than molecular
scattering optical thickness in the boundary layer, aerosols
contribute a small fraction to the reflectance enhancement. In
the following part of this section we discuss the physics for the
contributions from the two layers.

[23] The single scattering approximation is often used to
illustrate physical processes in aerosol studies [e.g., Kaufman et
al., 1997(a); Remer et al., 2005]. Using the single scattering
approximation one can easily illustrate that the contribution
from a layer of clear atmosphere to the enhancement of the
TOA reflectance (Ar) is proportional to the cloud diffuse
radiance (Fyyp), scattering optical depth of aerosols and
molecules (t) of the layer, and associated scattering phase
function P(6) at the scattering angle 6,

Ar~F, -t P(8) )

Thus cloud diffuse radiation, scattering optical thickness of
aerosols and molecules, and associated phase function are the
three major factors that determine contributions from each layer
to the atmosphere TOA reflectance enhancement.
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Figure 5. Same as the CCE in Fig. 4 but for molecular
atmosphere with no aerosols and surface reflection for
wavelength at 0.47um (line with diamonds). Two straight lines
schematically show the two vertical distinctive layers in clear
areas near clouds. The total reflectance enhancement due to
clouds is ~0.018.

[24] Before making further discussions, we want to show that
the cloud diffuse radiation in clear gaps of the boundary layer is
significantly smaller than that in the free troposphere above. To
illustrate this point we computed the CCE for molecular
atmosphere with no aerosols and surface reflection (Fig. 5).
CCEs are linear functions of pressure or molecular scattering
optical thickness in the two layers. (Note molecular scattering
optical thickness is proportional to the pressure.) However, the
rate of increase of the CCE in the boundary layer is much
smaller than that in the free troposphere. Since the molecular
scattering phase function depends weakly on scattering angle, a
slower rate of increase of the CCE in the boundary layer
implies a smaller cloud diffuse radiation compared to that in the
free troposphere. One can further estimate the relative strength
of diffuse radiation in the two layers. Assuming a constant
phase function in Eq. (5), one can derive



Ar(below) t(above)
Ar(above) T(below)
where “below” and “above” indicate the boundary layer and the free
troposphere below and above cloud top height, respectively. Using
relative contributions and molecular optical thicknesses of the two
layers  (Ar(below) ~ 8%, Ar(above) ~ 92%; T(below) ~0.037,
T(above) ~0.148 at 0.47um), one can see that the average diffuse
radiation in the boundary layer is about 1/3 of that in the free
troposphere.

[25] For boundary layer clouds with a cloud top height ~2 km (or
~800mb), molecular Rayleigh scattering optical thickness above the
cloud top height is about 80% of the total molecular scattering optical
thickness, considerably larger than background aerosol optical
thickness. Thus, the molecular Rayleigh scattering dominates the
contribution to the enhancement of clear region reflectance in this
layer.

[26] In the boundary layer, photons transmitted through cloud base or
scattered from cloud sides are scattered by aerosols and molecules to
enhance the clear regions reflectance. This radiation contributes only a
small fraction to the TOA reflectance due to the following factors: (1)
the cloud diffuse radiation is small, only about 1/3 of that above clouds;
(2) molecular scattering optical thickness is small; (3) aerosol phase
function reaches minimum values of about one order of magnitude
smaller than that for Rayleigh scattering (Fig. 3). Using Eq. 5, the fact
that aerosol scattering phase function is one order of magnitude smaller
than Rayleigh scattering phase function, and the computed cloud
diffuse radiation ratio, one can show that the contribution from the free
troposphere is considerably larger than that from the boundary layer for
given aerosol optical thickness at the two wavelengths. For aerosol
optical thickness of 0.2 at 0.47um, the contribution to the reflectance
enhancement from the free troposphere is about 8 times that from the
boundary layer. For aerosol optical thickness of 0.1 at 0.66um, the
contribution to the reflectance enhancement from the free troposphere
is about 6 times that from the boundary layer.

[27] For a dark surface, the contribution to the enhancement is small.
Since molecular Rayleigh scattering is weaker for longer wavelengths
and contributes less to the total enhancement, the percentage
contribution from the surface is expected to be larger for the longer
wavelength as compared to the shorter wavelength.

Ehﬁ’(below) ~ Fdﬁ (above) (6)

4.1b CONTRIBUTIONS FROM THIN CLOUDS

[28] The enhancement at the TOA is smaller in the thin cloud scene
(Fig. 1b) as compared to that in the thick cloud scene (Fig. 1a) for both
wavelengths. At 0.47um the cloud-induced enhancement in clear
regions of thin cloud scene is ~0.012 as compared to ~0.019 in the
thick cloud scene; and at 0.66um the enhancement is ~0.005 for the
thin cloud scene compared to ~0.008 in the thick cloud scene.
However, CCEs for the thin cloud scene are similar to those for thick
cloud scene with some exceptions. There are small decreases (~4% at
0.47um and ~7% at 0.66pm) in molecular Rayleigh scattering
contribution for the thin cloud scene as compared to the thick cloud
scene. From thick to thin cloud scene, contributions from aerosols
increase slightly (~3%) for both wavelengths; contributions from
surface increase by ~1.5% at 0.47um and ~6% at 0.66pum.

[29] Though the contribution from molecular Rayleigh scattering is
a little less as compared to that in the thick cloud fields, it is still the
major mechanism to the reflectance enhancements in clear regions in
the thin cloud fields.

4.1c CONTRIBUTIONS FOR LOW SOLAR ELEVATION

[30] Sections 4.1a and 4.1b examine contributions to the
enhancement of clear region reflectance in the vicinity of
clouds for a specific SZA of 32° when images were acquired. It
is useful to examine the contributions for a lower solar
elevation for the interests of understanding the radiative
processes for alternative situations. Here we demonstrate the
results for a SZA of 60° to examine the solar angle dependence
of the enhancement.

[31] A lower sun casts longer cloud shadow. For a cloud with
a base height of 1km, cloud shadows are ~1.73km long from
cloud edges for SZA of 60° (cloud height times tan(SZA)). For
the thick cloud scene, the enhancement reaches the “asymptotic
values” (Wen et al., 20006) at a distance about 1.8km away from
cloud edges for thick clouds. For the thin cloud scene, clear
areas excluding shadowed and sunlit pixels are considerably
smaller than those in the thick cloud scene (see Fig. 1b). Only a
few pixels are not affected by either the sunlit side illumination
effect or the shadowing effect. Therefore, we only consider the
thick cloud scene (Fig. 1a) for the low solar elevation study.

[32] In clear regions in the thick cloud scene (Fig. 1a), the
total enhancement for low solar elevation is slightly larger than
that for high solar elevation for the two wavelengths. From the
high sun (SZA=32°) to the low sun (SZA=60°), the total
reflectance enhancement increases by ~0.001 for both
wavelengths, or ~5% and ~12% for 0.47um, and 0.66um,
respectively.
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Figure 6. Similar to Figure 4 but for solar zenith angle of 60°.
The CCE for clear regions (1.8 km away from clouds) in the
thick cumulus fields B(Fig. 1a): (a) 0.47um; and (b) 0.66um.
Molecular Rayleigh scattering contributes ~90% and ~62% to
the TOA reflectance enhancements at 0.47um and 0.66um,
respectively. The total reflectance enhancements are 0.02 for
0.47pm and 0.009 for 0.66pum.

[33] CCEs in clear regions of the thick cumulus scene for
SZA of 60° for the same aerosol, cloud, and surface properties
(Fig. 6) are similar to those for the high solar elevation (Fig. 4).
The same physical mechanisms for high solar elevation apply
to interpret the vertical distribution of contributions. One can
see that molecular Rayleigh scattering contributes
8C,, (Zon) ~ 89% for 0.47um and 8C,, (Z04) ~ 62% for 0.66pm
to the TOA enhancement. More than 90% of molecular
Rayleigh scattering contributions are from the atmosphere
above cloud height. From the high sun to the low sun, an
increase of ~6% in the relative contribution from molecular
Rayleigh scattering is associated with decreases of the relative
contribution from surface reflection (~1-2%) and aerosol
scattering (~4-5%).



[34] Further computations are performed for a large range of solar
zenith angles. For SZA from 0° to 60°, we found that the enhancement
increases by ~10% and ~20% for 0.47um and 0.66um, respectively.
Here we reiterate that shadowed pixels and pixels near the illuminated
side of cloud edges are excluded because the reflectance of those pixels
is so variable [Wen et al., 2007]. In fact, the MODIS aerosol algorithm
effectively avoids those pixels by excluding fractions of darkest and
brightest pixels [Remer et al., 2005].

4.2 DEPENDENCES ON SURFACE ALBEDO AND AEROSOL
OPTICAL THICKNESS

[35] Figure 7 shows the distribution of the total enhancement in the
thick cloud scene as a function of aerosol loading and surface albedo
for the two wavelengths. For bright surfaces, the enhancement
decreases with aerosol optical thickness. This is because the surface
contribution dominates the enhancement when the surface is bright. As
aerosol optical thickness increases, radiation from the surface gets
attenuated exponentially leading to a decrease in the enhancement. For
dark surfaces, the enhancement depends weakly on aerosol loading
particularly for 0.47um. For a given aerosol optical thickness, the
enhancement depends on the surface albedo, and such dependence is
stronger at the longer wavelength. It is interesting to note that
enhancement becomes less dependent on the surface albedo as aerosol
loading increases, particularly for the shorter wavelength. It is also
interesting to see that the enhancement for 0.66um is larger than that
for 0.47um when aerosol loading is small (e.g., aerosol optical
thickness is 0.01) and the surface is bright (e.g., surface albedo is 0.4).
This is due to a much less atmospheric attenuation at the longer
wavelength compared to the shorter wavelength.
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Figure 7. The total reflectance enhanceme (AR=R,,-R,,) in thick

cumulus scene as a function of aerosol optical thickness and surface
albedo (a) 0.47um; and (b) 0.66um.

[36] Zooming in Fig. 7 we examine the dependence of the cloud-
induced enhancement on aerosol optical thickness for a black surface in
more detail in Fig. 8. For 0.47um, the cloud-induced enhancement
increases slightly, reaching a maximum at an aerosol optical thickness
of ~0.4, then decreases gradually. The cloud-induced enhancement
weakly depends on aerosol optical thickness. Similarly, the cloud-
induced enhancement for 0.66pum does not strongly depend on aerosol
loading for aerosol optical thickness greater than 0.2. For 0.66pum,
although the relative change of the enhancement is large (~40%) for an
increase of aerosol optical thickness from 0.01 to 0.2, the absolute
change is about 0.002 corresponding to an overestimate of 0.02 in
aerosol optical thickness. (One can show that the error in aerosol
optical thickness due to the uncertainty in apparent reflectance is
typically AT ~10AR. [e.g., Kaufman et al., 1997; Wen et al., 1999]).

[37] An increase of aerosol optical thickness has two competing
effects to the enhancement. First, an increase of aerosol optical

thickness will result in a larger scattering optical thickness
leading to an increase in the enhancement. When aerosol
optical thickness continues to increase, the contrast between
clouds and clear regions decrease. The smaller the contrast, the
smaller the horizontal fluxes going from thicker to thinner areas
leading to a decrease in the enhancement as discussed by
Marshak and Davis [2005]. Nevertheless, it is evident that the
magnitude of changes in the enhancement is small for a large
range of aerosol optical thickness for both wavelengths.
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Figure 9. The distribution of the percent enhancement from
molecular Rayleigh scattering (i.e., function of aerosol optical
thickness and surface albedo (a) 0.47um; and (b) 0.66um. For
dark surfaces, the molecular Rayleigh scattering contributes
~50% to the total enhancement for aerosol optical thickness
less than 0.2 at 0.66um. The molecular Rayleigh scattering
contributes ~70-90% to the total enhancement for aerosol
optical thickness less than 1 at 0.47um .

[38] It is interesting to examine the fractional contribution
from molecular Rayleigh scattering. Fig. 9 shows the
distribution of the fractional enhancement from molecular
Rayleigh scattering to the total enhancement in Fig. 7. It is
evident that the fractional contribution from molecular
Rayleigh scattering depends on surface albedo, aerosol amount,
and wavelength. The brighter the surface, the more relative
contribution is from the surface, and the less fractional
contribution is from molecular Rayleigh scattering. For bright
surfaces the fractional contribution from molecular Rayleigh
scattering increases with aerosol optical thickness. Over the
dark surface, molecular Rayleigh scattering contributes to a



large portion of the enhancement. For 0.47um, the molecular Rayleigh
scattering contributes ~70-90% to the total enhancement for aerosol
optical thickness up to 1. For 0.66pm, the molecular Rayleigh
scattering contributes ~50% to the total enhancement for aerosol optical
thickness less than ~0.2.

[39] After examining the total enhancement and the fractional
contribution from molecular Rayleigh scattering for a large range of
surface albedo and aerosol loading, we conclude that the cloud-induced
enhancement depends weakly on aerosol optical thickness over dark
surfaces and molecular Rayleigh scattering is the major mechanism for
the reflectance enhancement.

5. SUMMARY AND DISCUSSIONS

[40] This paper employs a Monte Carlo scheme to examine physical
mechanisms of radiative effects of boundary layer cumulus on
enhancement of nadir reflectance in nearby clear regions for two
ASTER images collocated with a MODIS scene in a biomass burning
region of Brazil. We found that the scattering of radiation by clouds,
followed by upward Rayleigh scattering by molecules above the cloud
top over clear gaps is the dominant mechanism for cloud-induced
enhancement of visible reflectances in clear regions over dark surfaces
when aerosols are trapped in the boundary layer (see Fig. 2). This result
applies to thin and thick cloud scenes, and for high and low solar
elevations. The mechanism is valid for a large range of aerosol optical
thickness (up to 1 in this study) for 0.47um, and for aerosol optical
thickness up to 0.2 for 0.66um. This finding provides couple of
simplifications for correcting cloud adjacency effects for remote
sensing of aerosols in the vicinity of clouds, an important region for the
understanding of cloud-aerosol interactions. Those simplifications are
(1) details of aerosol loading and optical properties can be neglected in
computing cloud adjacency effects; (2) neglecting aerosol amount
below clouds and accounting only cloud-Rayleigh radiative interaction
may provide a good approximation for correcting 3D cloud adjacency
effects particularly for shorter wavelengths [Marshak et al., 2008]. The
results apply to boundary layer clouds over dark surfaces. Those clouds
preferably occur in subtropical eastern oceans, over the high-latitude
oceans, and in regions of intense tropical convection, such as the Bay
of Bengal during JJA and over the Amazon in Indonesia during DJF
[see Hartmann et al., 1992]. Since “the largest contributions to net
cloud forcing are provided by low clouds, especially in the tropical
stratus cloud regions and the summer hemisphere” [Hartmann et al.,
1992], results of this work are significant to understanding aerosol-
cloud interactions in such important regions.

[41] Since molecular scattering cross section has strong wavelength
dependence, and cloud albedo is almost wavelength independent in
visible wavelengths, the cloud-induced enhancement of reflectance in
clear regions of cloud scenes decreases with wavelength. For the same
atmospheric conditions the reflected solar radiation in clear regions
near clouds is more bluish compared to that in regions far away from
clouds [Marshak et al., 2008].

[42] In addition to absorbing aerosols with single scattering albedo of
~0.9, we have also performed identical studies for non-absorbing
aerosols. We found that the results are similar for both absorbing and
non-absorbing aerosols. The enhancement is slightly larger (<5%) for
the non-absorbing aerosols as compared to absorbing aerosols over
dark surfaces.

[43] We also found that the enhancement strongly depends on
aerosol amount in the free troposphere above the cloud top height. This
is primarily due to the large increase of aerosol scattering phase
function in the forward direction and available cloud diffuse radiation
above clouds.

[44] Since molecular scattering above boundary layer clouds
is the dominant mechanism for cloud-induced reflectance
enhancement in clear regions near cloud edges, the complicated
problem of aerosol-cloud radiative interactions can be
simplified using a two-layer model to quantify the cloud-
induced enhancement in clear regions of a cloudy atmosphere
[Marshak et al., 2008].

[45] However, this dominant physical mechanism is valid for
boundary layer clouds above dark surface with a clean free
troposphere above the cloud top height in visible wavelengths.
Results of this study do not apply to all atmospheric conditions.
Layers of dust aerosol at altitude above 3km have been
observed [e.g., Kobayashi et al., 2003]. Smoke plumes can
reach an altitude of 6 km [e.g., Hoff, 2005]. Cirrus cloud at high
altitude could potentially generate diffuse radiation to enhance
the downward flux. Our results do not apply to convective
clouds with large vertical extension. Since the molecular
scattering optical thickness in near infrared is much smaller
than that in visible wavelengths, the molecular Rayleigh
scattering is no longer a dominant physical mechanism for near
infrared spectrum of solar radiation. All these situations are
potentially important in satellite remote sensing of aerosols, and
require further research.
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